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Abstract
In this paper we investigate open string pair production effects near hyperbolic black holes
in AdS5. We study the classical dynamics of D3 probe branes in this background and their
quantum tunneling rate across the horizon from the inside using a method similar to that of
Kraus, Parikh and Wilczek. The hyperbolic black holes can decay through these tunneling
events and their lifetime is estimated. The radiated branes move towards the boundary and
do not bounce back. Their world-lines do not intersect directly and they do not hit the
singularity either, providing a clean scenario for studying the non-adiabatic pair production
effects of open strings stretched between them near horizon. We find that there is a well
defined parameter regime where there can be significant pair production. This requires the
radiated branes to be highly boosted. However, the radiation of such branes still has small
back-reaction on the black hole background, though the open string pair production on them
can potentially alter the background. We comment on the possible relation of our model
and the AMPS paradox. Some issues and future directions are discussed in the end.
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1 Introduction
String theory predictions for processes involving large boost are oftentimes beyond the naive
extrapolation of effective field theory (EFT). One of such examples is demonstrated in [1],
where it is shown that there can be a significant amount of open string production between
two successive D-branes dropped in from infinity to a Schwarzschild black hole. The large
time separation between the two branes causes large relative boost between the two branes at
horizon crossing, which further leads to large non-adiabaticity of the frequencies of the open
strings stretched between them. Using a first quantized method developed therein, [1] shows
that in a well defined window of kinematic parameters, there can be unsuppressed open
string production and the effect can be further enhanced by the large relative boost. These
produced open string could later decay through other string-theoretic processes, resulting in
a state well above the EFT vacuum.
Similar ideas are also explored in some other works, such as [2, 3, 4, 5]. In particular [4]
shows that the large relative boost can lead to interesting phenomena in string scattering
amplitude. It calculates gauge invariant six-point S-matrix element, convolved with the
appropriate wave packets so that the scattering on wavepacket peak can only happen due to
direct interaction via string spreading effects. It is then shown that the scattering amplitude
has support consistent with longitudinal spreading as large as α′E with E being the energy
scale of the scattering. This is well beyond those predicted by the analogous EFT and passes
strong tests that scattering happens at peak, not on tail of wavepackets. Other stringy effects
are also discussed extensively in literature, such as Bremsstrahlung [6, 7] and inelastic effects
[8, 9, 10, 11, 12, 13].
These studies are particularly interesting in the light of the recent AMPS paradox [14, 15],
which suggests inconsistency between local effective field theory and the full underlying quan-
tum theory of gravity in the presence of black holes. Various attempts have been being made
in literature to resolve the paradox, such as those in the context of the AdS/CFT correspon-
dence and quantum information theory. However, potential resolutions from dynamical
effects in string theory have been relatively less discussed. Given the various distinctions
between the predictions of string theory and effective field theory mentioned above, it seems
natural and important to further study the non-adiabatic effects in string theory and under-
stand the breakdown of EFT in this context.
In this work we consider open string production effects near hyperbolic black holes [16]
in Anti-de Sitter space (AdS). In particular we set our analysis in asymptotic AdS5 × S5,
which has been extensively studied in the context of the AdS/CFT correspondence. These
black holes are the higher dimension generalizations of BTZ black holes [17, 18] and can be
thought of as formed by collapsing a stack of D3 branes. As we will see in Section 2 there is
a continuous variable that determines the size of the black hole relative to the radius of AdS.
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A nice feature of this family of black holes is that one member of it is isometric to pure AdS,
making it a relatively easier scenario for studying its horizon and interior [19]. This can be
understood in a similar way as the relation between BTZ black hole and pure AdS3, that
is, this particular hyperbolic black hole can be constructed from the Poincare´ patch of pure
AdS5 by compactifying the transverse 3-space H3 using an appropriate discrete subgroup.
We will use this fact as a check for our open string production and no production results.
As with other large black holes in AdS, the hyperbolic black holes we consider are in
thermal equilibrium with their Hawking radiation, making them especially long-lived as
compared with black holes with open asymptotic boundaries. However, they can still decay
by radiating D3 branes through quantum tunneling effects. We will compute the probability
of such tunneling events and estimate the time separation between two consecutive brane
emission events. The lifetime of such black holes is then estimated. The time line of brane
emission and black hole lifetime seem to agree with that of the advent of the putative firewall
in the AMPS paradox.
The mechanism of brane radiation provides a scenario where there are naturally branes
lined up near horizon and separated by large distance in time. It is interesting to study
the various non-adiabatic effects for these branes. In particular we consider open string
production effects between two consecutively produced branes, which are roughly separated
by a time that scales as eCN
p
, where N is the number of branes inside the black hole and p
and C constants. This large time separation can act as an enhancement factor for the open
string production effects as one would expect from previous works [1, 2]. To get significant
production, the radiated branes need to take away a fair amount of energy1 so that there
can be a large relative boost between them, even though that energy is still parametrically
small compared to that of the black hole, leading to small back-reaction.
We will estimate the open string production level near horizon using the real time method
developed in [1] and further discussed in [2]. For each oscillation level n of the open string
spectrum, the produced string density is estimated using the non-adiabaticity figure of merit
ω˙/ω2 as e−ω
2/ω˙, where ω is the frequency of the open string and dot represents the time
derivative. The total amount of production is computed by summing over all the oscillation
levels and folding in the Hagedorn density of string state e
√
8pi2n.
The rest of the paper is organized as follows. Section 2 introduces in more detail about the
black hole background under consideration and the coordinate systems we will use. Section
3 studies the classical dynamics of probe branes in this background and their quantum tun-
neling effects across the horizon. The brane radiation time scale and black hole lifetime are
then estimated. Section 4 discusses the non-adiabatic production of open strings stretched
between the radiated branes. A brief summary and discussion about future directions are
1Note that this is the total energy as defined by the Hamiltonian, not the kinetic energy which can
blueshifted near the horizon. It will be precised defined in Section 3.
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given in Section 5.
2 Setup
The black hole solutions we consider in this paper are the hyperbolic black holes in AdS5
ds2 = −f(r)dt2s +
dr2
f(r)
+ r2dσ2 (2.1)
with
f(r) =
r2
l2
− 1− µ
r2
, (2.2)
where l is the AdS radius and µ is a continuous parameter that determines the relation
between the black hole radius and l. This type of black hole has hyperbolic horizon with
dσ2 denoting the metric for a unit hyperbola H3. For the solution to be a black hole,
the H3 directions are identified under its appropriate discrete subgroup, though the exact
form of dσ2 or the subgroup used is not important for our purpose. Let us denote the
compactified H3 by Σ. These solutions can also be understood from the perspective of the
AdS/CFT correspondence where the full background is AdS5 × S5 and l is fixed via flux
compactification as
l4 = 4pigsα
′2N, (2.3)
where N is the number of D3 branes used to form the AdS5×S5 geometry and gs is the string
coupling. The D3 branes wrap around the H3 directions and are evenly distributed along
the S5 directions. In this work we will consider the process of such black holes radiating D3
branes through quantum tunneling, and open string production on pairs of them.
The black hole radius is determined by the larger root of f(r) and the result is
rh =
l√
2
(
1 +
√
1 + 4
µ
l2
)1/2
. (2.4)
This requires that in order for (2.1) to be a valid black hole, we need the following two
equivalent conditions
µ ≥ − l
2
4
, rh ≥ l√
2
. (2.5)
The equivalence of the two conditions is in the sense that rh can act as a parameter for
this type of black holes as much as µ can. Later when we compute the brane radiation rate
and the open string production rate we will use rh since it is more convenient that µ. The
thermodynamics of these black holes is studied in [16], where the temperature and mass are
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found to be
T =
f ′(rh)
4pi
=
2r2h − l2
2pil2rh
(2.6)
M =
3Vs
16piG5
(
µ+
l2
4
)
=
3Vs
8pi2 (4pigs)
1/4
N
7
4√
α′
(
r2h
l2
− 1
2
)2
, (2.7)
with Vs being the volume of the unit Σ and G5 being the five-dimensional Newton’s constant.
To get the last equation of (2.7) we have used the following equation from the standard
AdS/CFT dictionary
N2 =
pil3
2G5
. (2.8)
Perhaps a more useful coordinate system is the Gullstrand-Painleve´ coordinates
ds2 = −r
2
l2
dt2g +
l2
r2
(
dr +
r
l
√
1 +
µ
r2
dtg
)2
+ r2dσ2
= −
(
r2
l2
− 1− µ
r2
)
dt2g + 2
l
r
√
1 +
µ
r2
dtgdr +
l2
r2
dr2 + r2dσ2, (2.9)
which can be obtained from (2.1) by a temporal reparametrization
dts = dtg − l
rf(r)
√
1 +
µ
r2
dr. (2.10)
Compared to the Schwarzschild metric (2.1), the Gullstrand-Painleve´ metric maintains ex-
plicit time translational symmetry and does not have poles at horizon and thus making it
more suitable for studying processes crossing the horizon. In fact this time coordinate tg can
be shown to be conformal to the proper time of an auxiliary D3 brane observer falling into
the black hole from the boundary2. One might be concerned that the large relative boost
between such auxiliary observer and the produced branes may lead to open string production
artifacts, which are not directly related to the non-adiabaticity from the relative motion of
2This is the kind of in-falling observer with conserved energy ω = 0, as made more precise in Section 3.
(3.11) then shows p = 0, which leads to the equation of motion
dr
dtg
+
r
l
√
1 +
µ
r2
= 0 (2.11)
as seen from (3.6). The proper time of this observer can be computed as
dτ2 =
r2
l2
dt2g
(
1− l
4
r4
(
dr
dtg
+
r
l
√
1 +
µ
r2
)2)
=
r2
l2
dt2g, (2.12)
which is conformal to dt2g.
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the radiated branes. This, however, is not a problem for our calculation because we will
estimate the non-adiabaticity using the proper time of the radiated branes. Different from
previous works, our analysis needs no brane to be dropped in from infinity.
Another nice coordinate system is proposed in [2] where the effect from singularity can be
excluded. Indeed for the scenarios where the string-theoretic production is catalyzed by the
branes dropped in from the boundary, it is crucial to eliminate such effect, from which large
non-adiabatic production is expected. In our work, however, the radiated branes start in the
close vicinity of the horizon and move out towards the boundary. Because of their Ramond-
Ramond charge, they also do not turn back to the horizon. Hence their world-volumes cannot
be extended backward to the singularity due to the fact that classically nothing can cross
the horizon from the inside. For these reasons we will work with the Gullstrand-Painleve´
coordinates in this paper.
One special member of this type of black holes is the one with µ = 0, which is isomet-
ric to pure AdS5. The explicit coordinate transformation between its Gullstrand-Painleve´
coordinates and Poincare´ coordinates is
r = −rptp
l
, tg = −l log
(
−tp
l
)
(2.13)
or conversely
tp = −l exp
(
−tg
l
)
, rp = r exp
(
tg
l
)
. (2.14)
This transformation leads to the metric of the corresponding Poincare´ patch
ds2 =
r2p
l2
(−dt2p + t2pdσ2)+ l2r2p dr2p, (2.15)
with tp < 0. The spacetime singularity is now at tp = 0 as shown in Fig 1. This special
case can be used to understand the no production result in Section 4 because with the the
Poincare´ coordinates they can be shown to be explicitly adiabatic.
3 D3 Brane Radiation
The action of a probe D3 brane in the aforementioned background is
ID3 = −T3
∫
d4ξ
√− det gµν∂axµ∂bxν + ∫ A(4), (3.1)
with
T3 =
1
(2pi)3 gsα′2
(3.2)
5
III
III IV
V
tp = 0
Figure 1: Penrose diagram of the Poincare´ patch and the corresponding hyperbolic black
hole with µ = 0. The former covers the region formed by point I, II and IV while the latter
only covers the lower half of it. Similar to BTZ black holes, the singularity at tp = 0 is
formed due to the compactification of the H3 directions. The event horizon is shown in blue.
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being the tension of the brane and A(4) the Ramond-Ramond potential of the five-flux back-
ground. In the rest of the paper we will work with the Gullstrand-Painleve´ coordinates
unless otherwise noted and drop the subscript of the time coordinate. With this choice of
coordinate system, the potential becomes
A(4) =
r4
l
dt ∧√σd3σ. (3.3)
With the gauge choice ξa = (t, ~σ) and the motion restricted to the t and r directions for
simplicity, the action of the brane becomes
ID3 = −T3Vs
∫
dt
r4
l
√1− l4
r4
(
dr
dt
+
r
l
√
1 +
µ
r2
)2
− 1
 (3.4)
The brane emission can be treated as quantum tunneling in a way very similar to early
works on Hawking radiation [20, 21]. The tunneling rate can be approximately computed by
Γ ∼ e−2ImID3 , (3.5)
where the D3 brane action is evaluated along a classical path that crosses the horizon with
the pole shifted via the standard i prescription. In this section we compute this rate using
a method based on the Hamilton-Jacobi formalism. In Appendix A we apply this method
in two well studied Hawking radiation calculation and show that our method reproduces the
expected results.
The momentum conjugate to r is
p =
δID3
δr˙
= T3Vsl
3
r˙ + r
l
√
1 + µ
r2√
1− l4
r4
(
r˙ + r
l
√
1 + µ
r2
)2 (3.6)
and the probe D3 brane Hamiltonian is
HD3 = r˙p− L = r
2
l2
√
p2 + T 23 V
2
s l
2r4 − r
l
p
√
1 +
µ
r2
− T3Vs r
4
l
. (3.7)
Since the Hamiltonian does not have an explicit time dependence, it is a conserved quantity.
Therefore in the Hamilton-Jacobi formalism, Hamilton’s principal function can be written
as
S = W (r)− ωt, (3.8)
where W (r) is a function of r that we will soon determine and ω is the energy of the probe
brane. Plugging it into the Hamilton-Jacobi equation we have
HD3(r, p, t) +
∂S
∂t
= 0 =⇒ HD3
(
r,
∂W
∂r
, t
)
− ω = 0. (3.9)
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Solving (3.9) then gives
p =
∂W
∂r
=
l
rf(r)
[√
1 +
µ
r2
(
ω + T3Vs
r4
l
)
±
√(
1 +
µ
r2
)(
ω + T3Vs
r4
l
)2
+ f(r)ω
(
ω + 2T3Vs
r4
l
)]
, (3.10)
where “−” and “+” signs correspond to in-falling branes and radiated branes, respectively.
For the in-falling case, the brane can pass through the horizon classically and there is no
pole in p at the horizon crossing, which can be explicitly shown by the following expression
of p, which is derived from (3.10)
p = −
l
r
ω
(
ω + 2T3Vs
r4
l
)
√
1 + µ
r2
(
ω + T3Vs
r4
l
)
+
√(
1 + µ
r2
) (
ω + T3Vs
r4
l
)2
+ f(r)ω
(
ω + 2T3Vs
r4
l
) (3.11)
The solution for out-going branes does have a pole at the horizon since there is no
classical path escaping the black hole from the inside. However one can still evaluate the
action for a path crossing the horizon quantum mechanically using the usual i prescription
and the imaginary part this procedure generates represents the tunneling amplitude across
the horizon as follows. To start with, let us note that the value of an action is the same as
Hamilton’s principal function when they are evaluated with the same solution. Therefore
we can compute the imaginary part of the former by computing the imaginary part of latter
over the horizon-crossing region
ImI = Im
[∫ rh+δ
rh−δ
dr
(
∂W
∂r
)
− ωt
]
, (3.12)
where δ > 0 is an infinitesimal parameter. The integral has a pole at rh, which comes
from the f(r) ' f ′(rh)(r − rh) factor in the denominator of (3.10). Properly using the i
prescription and having the integral contour go around the pole would generate the desired
imaginary part. To do so, let us temporarily consider back-reaction, so that after one brane
tunnels out the black hole radius would shrink, namely rh → rh −∆rh(ω) and ∆rh(ω) is a
monotonically increasing function of ω, the energy of the brane. In the usual i prescription,
ω is replaced by ω − i, which then puts the pole at
rh −∆rh(ω − i) ' rh −
[
∆rh(ω)− id∆rh
dω
]
' rh −∆rh + i, (3.13)
where we have used id∆rh
dω
→ i since  denotes an infinitesimal positive number. The action
integral now effectively goes around the pole along a semi-circle, as shown in Fig 2. Defining
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rh −  rh + rh
Figure 2: The path for evaluating the imaginary part of the action (3.14), which comes from
going around the pole along the semi-circle.
.
r − rh = eiθ where θ goes from −pi to 0 and only keeping the leading order contribution
(without back-reaction) we have
ImI = Im
∫ 0
−pi
d
(
eiθ
) l
rhf ′(rh) (eiθ)
[
2
√
1 +
µ
r2h
(
ω + T3Vs
r4h
l
)]
=
2pi
f ′(rh)
(
ω + T3Vs
r4h
l
)
. (3.14)
Notice that the the imaginary part comes from the infinitesimal contour integral around the
pole (picking up half of the residue), not from an integral of a complex function over a finite
region as in instanton computations. This also happens in the calculation of [20]. With this
result, the radiation rate is then
Γ ∼ exp
[
− 4pi
f ′(rh)
(
ω + T3Vs
r4h
l
)]
= exp
[
−β
(
ω + T3Vs
r4h
l
)]
, (3.15)
where β = 4pi/f ′(rh) is the inverse temperature. It can also be expressed in terms of number
of formation branes using (3.2) and (2.3)
Γ ∼ exp
(
− Vsξ
5
pi (2ξ2 − 1)N −
2piξ
2ξ2 − 1 (4pigsN)
1
4 ω
√
α′
)
, (3.16)
with ξ = rh/l. Depending on the energy the radiated brane takes away, we can schematically
write down the time it takes to radiate one brane as
∆t = t0 exp (CN
p) , (3.17)
where C and p are two constants and t0 is the fundamental time scale for the vacuum
fluctuation of D3 branes. For our purpose the exact value of this constant is not important
since we mostly care about the parametric dependence on N . The value of the order 1
parameter p depends on the relative size of the first and second terms in (3.16): p = 1 when
the first term dominates and p > 1 otherwise. However it needs to be of order 1 since we
are considering the regime where there is no back-reaction on the black hole background. In
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Section 4 we will see that there is a well-defined open string production regime with small
back-reaction.
From the exponential dependence on N it is clear that the time separation between two
branes is very large. One can also roughly estimate the lifetime of such black holes as
t0e
CNp + t0e
C(N−1)p + · · · = t0eCNp
(
1 + e−pCN
p−1
+ e−2pCN
p−1
+ · · ·
)
' t0eCNp , (3.18)
which indicates that the time of radiating one brane is at the same order with the black
hole lifetime. This seems to line up with the time line of the advent of the putative firewall
according to the AMPS paradox.
4 Open String Pair Production
With the classical dynamics and radiation of D3 probe branes worked out, we can now
compute the level of pair production of open strings stretched betweeen two consecutively
radiated branes, as schematically shown in Fig 3. In the following we will use a real time
estimation method based on the non-adiabaticity figure of merit ω2/ω˙ as discussed in [1, 2],
where ω is the frequency of open strings and dot means derivative with respect to the time
coordinate under use. More discussion about this method is given below after (4.13).
To begin with, let us write down the following symmetric ansatz for open strings stretched
between two branes separated by time ∆t
t = t(τ) + ∆t
σ
pi
, r = r(τ), X⊥ = bS
σ
pi
, (4.1)
where X⊥ represents the S5 directions and bS the impact parameter of the branes in those
directions. The trajectory of the first brane is encoded in the functions t(τ) and r(τ). Ansatz
(4.1) can explicitly solve the Dirichlet boundary conditions in the t, r and S5 directions as
derived from the boundary terms of the worldsheet action. The strings are allowed to move
freely in the Σ directions around which the branes wrap and in principle we need to impose
Neumann boundary conditions for them. In ansatz (4.1) we ignore those directions for
simplicity, assuming that the strings stay at fixed location in those directions.
Ansatz (4.1) can be used to compute the Nambu-Goto action
S = − 1
α′
∫
dτdσ
√
− det γab, (4.2)
with γab = gµν∂aX
µ∂bX
ν being the induced metric on the open string worldsheet. Using
10
Figure 3: Open string pair production between radiated branes. The branes, whose world-
volumes are represented by the dashed lines, start a little outside the horizon and move
towards the boundary. Note that for simplicity we have put their starting points on the
same constant r curve, represented by the black solid curve. Also its distance to the horizon
has been exaggerated for showing the relevant part - they should have started much closer
to the horizon. The produced open strings are schematically shown by the orange curves
stretched between the dashed curves.
Gullstrand-Painleve´ coordinates we have
γττ = −
(
r2
l2
− 1− µ
r2
)
t′2 + 2
l
r
√
1 +
µ
r2
t′r′ +
l2
r2
r′2 (4.3)
γτσ = −
(
r2
l2
− 1− µ
r2
)
t′
∆t
pi
+
l
r
√
1 +
µ
r2
r′
∆t
pi
(4.4)
γσσ = −
(
r2
l2
− 1− µ
r2
)(
∆t
pi
)2
+
(
bS
pi
)2
, (4.5)
where prime ′ means the derivative with respective to worldsheet coordinate τ . The open
string action then evaluates to
S = − 1
α′
∫
dt
√√√√∆t2(dr
dt
)2
+ b2S
r2
l2
[
1− l
4
r2
(
dr
dt
+
r
l
√
1 +
µ
r2
)2]
(4.6)
To estimate the level of non-adiabaticity we need to pick a time coordinate. The
Gullstrand-Painleve´ coordinate t is not a very good choice since it is conformal to the proper
time of an auxiliary observer falling into the black hole from infinity and thus might gener-
ate unnecessary non-adiabaticity due to the relative boost between radiated branes and the
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auxiliary brane. To eliminate this problem we use the proper time of the radiate branes, as
determined by
dτ 2 =
r2
l2
dt2
[
1− l
4
r4
(
r˙ +
r
l
√
1 +
µ
r2
)2]
(4.7)
with r˙ satisfying the equation of motion of the radiated branes3. With this time coordinate
(4.6) becomes
S = − 1
α′
∫
dτ
√
b2S + ∆t
2
(
dr
dτ
)2
. (4.8)
The time derivative of r can be better computed in the following way. Define X as
X = r˙ +
r
l
√
1 +
µ
r2
(4.9)
then from the definition of p (3.6) and the out-going case of (3.10) we have
X√
1− l4
r4
X2
=
p
T3Vsl3
=
1
f(r)
[√
1 +
µ
r2
(
r3
l3
+ C
l
r
)
+
√(
1 +
µ
r2
) r6
l6
+ C
r4
l4
(
2 + C
l4
r4
)]
,
(4.10)
with the constant C = ω/(T3Vsl
3) playing a similar role as the constant C in previous works
[1, 2]. It quantifies how much energy the brane carries away in the units of its “rest mass” and
how boosted the branes are at the horizon. We will discuss various open string production
scenarios based on the size of this parameter.
In the meantime we can express dr/dτ as
dr
dτ
=
X − r
l
√
1 + µ
r2
r
l
√
1− l4
r4
X2
=
l
r
p
T3Vsl3
− l
2
r2
√
1 +
µ
r2
√(
p
T3Vsl3
)2
+
r4
l4
. (4.11)
Using (3.7) and HD3 = ω it can be further reduced to
dr
dτ
=
√
1 +
µ
r2
+ C
l3
r3
(
2
r
l
+ C
l3
r3
)
, (4.12)
which can be plugged into the worldsheet action and generates
S = − 1
α′
∫
dτ
√
b2S + nα
′ + ∆t2
[
1 +
µ
r2
+ C
l3
r3
(
2
r
l
+ C
l3
r3
)]
, (4.13)
3Note that when deriving the worldsheet action we use τ to denote the worldsheet time coordinate but
here τ is the proper time of the radiated branes. In the rest of this section when we analyze the level of
non-adiabaticity τ always means the latter.
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where oscillator level n has been included as in [1, 2, 6, 7, 22, 23].
In principle any quantum amplitude should be defined by the path integral of eiS and the
production amplitude is given by the imaginary part of the action evaluated at the proper
saddle points. By symmetry a saddle point of ansatz (4.1) is a saddle point of the full
theory. Therefore the complete calculation of open string production rate should be to first
determine the complex roots of the frequency in (4.13)
ωτ = − 1
α′
√
b2S + nα
′ + ∆t2
[
1 +
µ
r2
+ C
l3
r3
(
2
r
l
+ C
l3
r3
)]
(4.14)
and then compute the complex action using contours around those roots. More details about
this method can be found in [1]. However this full calculation seems difficult to perform for
our case, due to the complicated dependence of ωτ on r and τ . To proceed we realize that
the production stems from the non-adiabaticity of ωτ near the horizon. It has been argued
in previous works [1, 2] that
dωτ/dτ
ω2τ
∣∣∣
r=rh
=
∆t2α′
rh
(
r2h
l2
− 1 + 2C l2
r2h
+ 3C2 l
6
r6h
)(
rh
l
+ C l
3
r3h
)
[
b2S + nα
′ + ∆t2
(
rh
l
+ C l
3
r3h
)2] 32 . (4.15)
is a good figure of merit for non-adiabaticity and we can estimate the production density of
strings at oscillator level n as
exp
(
− ω
2
τ
dωτ/dτ
)
. (4.16)
This gives the contribution from a single string saddle point at oscillator level n. To get the
full production density, we fold in the Hagedorn density at level n
exp
(√
8pi2n
)
(4.17)
and sum over all the oscillator levels. The resulting full density is
ρtot ∼
∑
n
eK(n) (4.18)
with
K(n) =
√
8pi2n− rh
∆t2α′
[
nα′ + ∆t2
(
rh
l
+ C l
3
r3h
)2] 32
(
r2h
l2
− 1 + 2C l2
r2h
+ 3C2 l
6
r6h
)(
rh
l
+ C l
3
r3h
) , (4.19)
where we have set bS = 0 for simplicity.
In Subsection 4.1 we analyze the regime where there is no open string production. This
is the regime where C is parametrically small. We also study this no production result for
the µ = 0 case using Poincare´ coordinates, where the non-adiabaticity can be demonstrated
manifestly. In Subsection 4.2 we analyze the regime where there is enhanced production.
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4.1 No production with C  1
The peak value of K can be determined by taking its derivative with respect to n. In the case
of C  1 the derivation can be simplified by nα′  ∆t2
(
rh
l
+ C l
3
r3h
)2
(the exact condition
for this approximation is (4.23)), which we verify in a moment using the peak location n in
this case. Setting K ′(n) = 0 yields
√
n '
√
8pi2
(
r2h
l2
− 1 + 2C l2
r2h
+ 3C2 l
6
r6h
)
∆t
3rh
. (4.20)
To make this solution consistent with the assumption nα′  ∆t2
(
rh
l
+ C l
3
r3h
)2
, it must be
much smaller than
∆t
(
rh
l
+ C l
3
r3h
)
√
α′
, (4.21)
which can be expressed by the following inequality(
r2h
l2
+ C
l2
r2h
− 1
) √
α′
l
+ 3C2
l6
r6h
√
α′
l
 r
2
h
l2
+ C
l2
r2h
. (4.22)
Since rh/l ≥ 1/
√
2 and
√
α′  l, a sufficient condition for (4.22) is
C
l3
r3h
 rh
l
√
l√
α′
. (4.23)
In this regime the peak value of K(n) is
∆t
3rh
(
r2h
l2
− 1 + 2C l2
r2h
+ 3C2 l
6
r6h
) [√8pi2(r2h
l2
− 1 + 2C l
2
r2h
+ 3C2
l6
r6h
)
−
√
3l√
α′
(
r2h
l2
+ C
l2
r2h
)]
×
[√
8pi2
(
r2h
l2
− 1 + 2C l
2
r2h
+ 3C2
l6
r6h
)
+
√
3l√
α′
(
r2h
l2
+ C
l2
r2h
)]
(4.24)
The difference term is negative due to condition (4.22). Since ∆t is exponential in N , K(n)
is much smaller than zero in this regime and therefore open string production is highly
suppressed.
To understand this no production result from a different perspective, let us analyze this
with the Poincare´ coordinates. As mentioned earlier, this is possible because the black hole
with µ = 0 (or rh = l) is isometric to pure AdS5. The equation of motion of D3 probe branes
in this background can be solved exactly for the case of C = 0 where it simplifies to
X√
1− l4
r4
X2
=
1
f(r)
(
r3
l3
± r
3
l3
)
. (4.25)
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The in-falling solution is just X = 0 or r = r0e
−(t−t0)/l. As discussed in [19] such solu-
tions correspond to stationary branes with rp = const. and therefore the in-falling case is
manifestly adiabatic.
For the case of radiated branes, the equation of motion reduces to
dr
dt
=
r
l
r2 − l2
r2 + l2
, r ≥ l (4.26)
whose solution is
(r2 − l2) ri
(r2i − l2) r
= e
t−ti
l , (4.27)
where ri and ti denote the location and time the branes materialize, respectively. It is clear
that r(t) grows exponentially with t and (4.27) is approximately
r ' r
2
i − l2
ri
e
t−ti
l . (4.28)
Switching to the Poincare´ coordinates using (2.13) we have the trajectory for the first brane
as
r(1)p '
r2i − l2
ri
e−
ti
l
(
l
tp
)2
. (4.29)
For the second brane it is r
(2)
p ' e−∆t/lr(1)p . The proper distance between the two branes is
∆rp =
∫ r(1)p
r
(2)
p
l
rp
drp = l log
r
(1)
p
r
(2)
p
= ∆t, (4.30)
which is still a constant. Therefore for the case of radiated branes with C = 0 and µ =
0 it is still manifestly adiabatic, agreeing with the estimation using Gullstrand-Painleve´
coordinates.
4.2 Production regime
The peak value of K(n) can also be evaluated exactly. By setting K ′(n) = 0 we have the
peak location at
n =
−A2 + A2
√
1 + 32pi
2
9
B2
A2
α′
r2h
2
∆t2
α′
, (4.31)
where for notational simplicity we have defined the following constants
A =
rh
l
+ C
l3
r3h
, B =
r2h
l2
− 1 + 2C l
3
r3h
rh
l
+ 3C2
l6
r6h
. (4.32)
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Plugging (4.31) into (4.19), the peak value of K(n) is
Kmax =
∆t(
1 +
√
1 + 32pi
2
9
B2
A2
α′
r2h
) 1
2
rh
α′
A2
B
[
16
√
2pi2
9
B2
A2
α′
r2h
−
√
2
2
(
1 +
√
1 +
32pi2
9
B2
A2
α′
r2h
)]
.
(4.33)
As discussed earlier, ∆t is an exponentially large parameter, therefore the production effect
will be enhanced once the difference factor in the square bracket becomes positive. This
happens roughly near the region where
B2
A2
α′
r2h
& 1. (4.34)
Looking at the definition of A and B (4.32) it is clear that we need C l
3
r3h
 rh
l
to satisfy
(4.34) since otherwise B/A ' r2h/l2 and (B2/A2)(α′/r2h) ' α′/l2  1. On the other hand
with the right condition (C l
3
r3h
 rh
l
) we have
B
A
' 3C l
3
r3h
. (4.35)
This simplification reduces the difference factor in (4.33) to
16
√
2pi2C2
l6
r6h
α′
l2
l2
r2h
−
√
2
2
(
1 +
√
1 + 32pi2C2
l6
r6h
α′
l2
l2
r2h
)
, (4.36)
where we have factored
√
α′/rh into (
√
α′/l)(l/rh) to show the different independent param-
eters we use. This difference is positive in the regime where
C
l3
r3h
√
α′
l
l
rh
≥ 1 =⇒ C l
3
r3h
≥ l√
α′
rh
l
, (4.37)
which is the consistent with the condition C l
3
r3h
 rh
l
. It is intriguing to notice that this
condition does not directly rely on the time separation between two branes ∆t. This is also
observed in earlier works [1, 2].
The condition for open string production (4.37) can also be checked numerically. In Fig 4
we plot the value of the difference factor of (4.33) in terms of the following two independent
variables
θ =
rh
l
, φ = C
l3
r3h
. (4.38)
The other two parameters are the string couple gs and number of formation branes N which
only appear as their product gsN . We show four cases depending on the value of gsN . In
terms of these parameters the production condition (4.37) becomes
φ ≥ (4pigsN)
1
4 θ. (4.39)
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(a) gs = 0.1, N = 1000 (b) gs = 0.1, N = 10000
(c) gs = 0.1, N = 100000 (d) gs = 0.1, N = 1000000
Figure 4: Plots of the difference factor in (4.33). The curved surface represents the difference
factor as a function of φ and θ, which are defined in (4.38). The horizontal surface in cyan
is where the difference is zero. Its intersection with the curved surface represents the onset
of non-adiabatic production. This indeed confirms the condition (4.39) derived in main text
where the onset roughly follows φ ' (4pigsN)
1
4 θ
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This roughly agrees with the result shown in Fig 4.
We also need to check that the production condition (4.37) is consistent with the condition
of no back-reaction. In terms of ω the former is
ω ≥ T3Vsl3 · r
3
h
l3
· rh√
α′
=
Vs
2pi2
N√
α′
r4h
l4
. (4.40)
Compared with the mass of the black hole (2.7), which is of order N7/4/g
1/4
s , the right hand
side of (4.40) is parametrically smaller than the black hole mass, therefore there is a large
parameter window where the production condition and small back-reaction condition are
consistent.
5 Summary And Discussion
In this paper we computed the radiation rate of D3 branes with energy ω from hyperbolic
black holes. It is found that the time it takes to radiate such branes is at the same order
of the black hole lifetime (at least before back-reaction becomes important). Non-adiabatic
open string production effects were studied using a real time estimation method developed
in [1]. We demonstrated that the frequency of open strings stretched between two con-
secutively radiated branes can become highly non-adiabatic when the radiated branes are
highly boosted. Consistency checks are made so that there is no non-adiabatic production
in well-known low energy regimes and brane radiation does not lead to back-reaction. It is
also clear from our calculation that our result does not rely on the geometry or topology of
the hyperbolic horizon as long as it is compact so that the branes can wrap around. There-
fore the result in this paper can be naturally carried over to AdS black holes with spherical
horizons.
Compared with similar open string production thought experiments in previous works,
our scenario does not involve interactions other than the one in the near horizon region, no
matter what the kinematic parameters are. In cases where the D branes were dropped in to
the black hole from outside, there might be early collisions along their world-lines that could
obscure the non-adiabatic production near the horizon [1, 2]. The non-adiabatic effects near
singularity could also add to the unwanted production. In our cases, however, open string
production can only happen due to the non-adiabaticity near the horizon, which makes our
result cleaner.
The fact that the open string production events can happen spontaneously in the near
horizon region and the time for it to occur is roughly of the order of the black hole lifetime
makes our result intriguing in the context of the AMPS paradox. It seems to provide an
interesting dynamical scenario for the putative firewall to arise, even within this simple model
of D branes and open strings. To make the result more convincing, it is worth studying the
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open string production rate using a more direct calculation, such as the first quantizated
method developed in [1]. This method is not the most ideal method in that work since the
world-lines of the in-falling D0 particles involve a large spacetime region from the boundary
to the singularity and it is hard to interpret the production result as to where exactly it
happens. In our scenario, however, the branes’s world-line in the t, r directions are always
close to the horizon and any production result using the first quantized method can be
attributed to the non-adiabatic effects in the near horizon region.
Another method worth exploring is to compute the amount of open string production in
ways similar to [22, 23], where the density of the produced open strings Γ is computed from
the one-loop density of the vacuum F as
Γ = −2ImF . (5.1)
To do this one would first need to be able to solve the string theory in the corresponding
spacetime background. For our case it seems to be very hard to do so in the AdS5 black
hole background. However exact string theory solutions exist in AdS3. In [24] the authors
studied the SL(2, R) WZW model describing string theory on the AdS3 ×M background
where M is compact. The algebra and spectrum are worked out in that work. Since pure
AdS3 is isometric to the BTZ black hole, one should be able to use that solution to study
the open string production effect near BTZ black holes, with modifications coming from the
identification in the transverse direction of AdS3. In many ways the study of open string
production near topological black holes in different spacetime dimensions are similar and the
rigorous investigation in AdS3 could shed light on the general properties of such phenomenon.
The production result in this paper depends on the radiated branes being highly boosted.
Despite that this requirement does not lead to strong back-reaction, the chance of radiating
such branes is still much smaller than radiating branes with ω = 0 (e−CN
5/4
versus e−CN). It
is possible that the black hole has already radiated many low energy branes before radiating
branes boosted enough to produce open strings. To fully understand the open string pro-
duction effects one would need to study the general case where the two branes have different
ω’s. We leave these interesting directions to future work.
Acknowledgments
I would like to thank Eva Silverstein for extensive discussion and useful comments on a
draft. I am also grateful to Xi Dong and Gonzalo Torroba for helpful discussion which I
learned a lot from. I am supported in part by the National Science Foundation under grant
PHY-0756174 and NSF PHY11-25915 and by the Department of Energy under contract
DE-AC03-76SF00515.
19
Appendices
A Checking Method For Computing Black Hole Radi-
ation
In this section we apply our method of computing black hole radiation rate to Hawking
radiation in some well known black hole backgrounds and verify that our method produces
the correct results. To be more general, let us consider neutral particle radiation from a
generic black hole with the following metric
ds2 = −f(r)dt2 + dr
2
f(r)
+ r2dΩ2, (A.1)
with the asymptotic geometry as r → ∞ being f(r) → h(r). It is clear that this implies
f(r) has one or more roots while h(r) has no root. Some examples are Minkowski black hole
with h(r) = 1 and AdS black holes with h(r) = r2/l2 where l is the radius of AdS. Redefine
the time slice using
dt→ dt− 1
f(r)
√
1− f(r)
h(r)
, (A.2)
one gets the Gullstrand-Painleve´ metric for this black hole
ds2 = −h(r)dt2 + 1
h(r)
(
dr + h(r)
√
1− f(r)
h(r)
dt
)2
+ r2dΩ2. (A.3)
The world-line action for a neutral particle in this background is
I = −m
∫
dλ
√−gµν∂λxµ∂λxν . (A.4)
Taking the gauge with λ set to t, the action for symmetrical solutions becomes
I = −m
∫
dt
√√√√h(r)− 1
h(r)
(
r˙ + h(r)
√
1− f(r)
h(r)
)2
, (A.5)
where dot means the derivative with respect to t. The momentum conjugate to r and the
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Hamiltonian can be derived from it and the result is
p =
m
h(r)
r˙ + h(r)
√
1− f
h√
h− 1
h
(
r˙ + h
√
1− f
h
)2 (A.6)
H =
√
p2h(r)2 +m2h(r)− h(r)p
√
1− f(r)
h(r)
. (A.7)
Similar to the calculation in Section 3, Hamilton’s principle function can be written as
S = W (r)− ωt, (A.8)
with ω being the conserved energy of the particle, then Hamilton-Jacobi equation gives√(
∂W
∂r
)2
h(r)2 +m2h(r)− h(r)∂W
∂r
√
1− f(r)
h(r)
= ω. (A.9)
Its solutions are
∂W
∂r
=
ω
√
1− f
h
±
√
ω2
(
1− f
h
)
+ f
h
(ω2 −m2h)
f(r)
, (A.10)
We are interested in the one with the “+” sign which corresponds to out-going particles.
As discussed in the main text, the radiation rate is related to the imaginary part of the
action by (3.5), which can be evaluated using the standard i prescription. Using (3.12) we
have the result
ImI =
2piω
f ′(rh)
, (A.11)
where prime denotes the derivative with respect to r. Therefore we have the following general
result for Hawking radiation
Γ ∼ exp
(
− 4piω
f ′(rh)
)
= e−βω, (A.12)
with β = 4pi/f ′(rh) being the inverse temperature.
For Schwarzschild black holes with mass M in Minkowski space, the blackening factor is
f(r) = 1− 2M
r
, (A.13)
for which the horizon is at rh = 2M . One can then readily verify that our result (A.12)
reproduces the well known result
Γ ∼ e−8piMω. (A.14)
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Another example is Reissner-Nordstro¨m black hole with
f(r) = 1− 2M
r
+
Q2
r2
. (A.15)
The horizon rh satisfies
1
rh
=
M −√M2 −Q2
Q2
. (A.16)
This can be used to compute f ′(rh), which can be shown to be
f ′(rh) =
2
√
M2 −Q2(
M +
√
M2 −Q2
)2 . (A.17)
One can again verify that our result (A.12) reproduces the well known result
Γ ∼ exp
−2piω
(
M +
√
M2 −Q2
)2
√
M2 −Q2
 . (A.18)
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